Many cities in China have implemented urban water supply pipe network renovation projects; however, at the beginning of new pipeline replacements, customers often complain about water quality problems, such as red water, odour and other water quality problems. To overcome these frequent water quality problems, this study selected a commonly used ductile cast iron (DCI) pipe, stainless steel (SS) pipe and high-density polyethylene (HDPE) pipe for laboratory simulations of the water quality regularity of new pipes, the variations in pipe inner walls, and the presence of microbial communities. Based on the research results, combined with actual water sample analysis, the stabilisation time of the interaction between the tubings inner walls and bulk water was determined, to allow pipeline cleaning and water quality maintenance.
Introduction
Drinking water distribution system (DWDS) is buried underground and involve complicated networked connections. In addition, such systems involve a huge tubular reactor, which consists of different materials and different pipe diameters.
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The treated drinking water (TDW) may undergo physical, chemical and biological reactions in the pipelines through coagulation, sedimentation, ltration and disinfection processes conducted in the waterworks, and these reactions may vary as the seasons change and the tubing material varies. [4] [5] [6] In addition, the DWDS serves as a huge information channel, and the TDW can be regarded as a kind of carrier. The TDW enters the DWDS and carries much information related to the water quality, such as turbidity, colour, residual chlorine, total bacteria, assimilable organic carbon (AOC) and disinfection by-products. 7 As the bulk water ow rate and hydraulic retention time (HRT) change, also extending the interaction time between the pipeline inner walls and bulk water, the information also changes accordingly as water is redistributed and recombined within the pipeline.
8,9
In an urban DWDS, steel and cast iron pipes have been used for centuries. [10] [11] [12] [13] In China, more than 90% of the water supply pipelines are made of cast iron or steel. New DWDSs under construction are also mainly made of metal pipes, with a utilisation rate of 86%.
14 However, metals are easily corroded in media such as drinking water containing various electrolytes and microorganisms. Corrosion can release some elements that make up the DWDS into the TDW, changing various indicators of the TDW and resulting in secondary pollution. [15] [16] [17] Corrosion of the water supply pipeline can not only lead to deterioration of the indicators (such as colour, turbidity, bacteria, iron and manganese, organic matter and toxic heavy metal content) but also cause the pipeline wall to become thin and rough and increase the energy consumption required for water transportation, eventually leading to leakage of water through the pipe, and shortening the service life of the pipelines.
According to TDW samples in one study taken from Chicago in 1968 compared to water samples taken aer passing through a DWDS, the results of water quality testing showed that the concentrations of Cd, Cr, Co, Cu, Fe, Pb, Mn, Ni, Ag, Zn and other elements had increased by 15% to 67% in the water samples. Pipeline corrosion can also increase the consumption of disinfectants and reduce residual chlorine levels in the DWDS. The maximum corrosion rate of a low-carbon steel water supply pipe in the USA is (7.62 to 12.7) Â 10 À2 mm a À1 . 18 For free chlorine disinfected drinking water, when the corrosion rate is greater than 0.0254 mm a À1 , the disinfection effect will be lost. At the same time, when the water source is replaced, the pipeline corrosion may cause serious coloured water problems. For example, there have been red water incidents in many areas in the US in areas such as Southern California, Tucson, Arizona and Tampa, Florida that have attempted to substitute the water supply source from ground water with surface water, but the results showed that the release of iron ions forms a large amount of sediment due to the interaction of the change in the quality of the raw water and the corrosion of the pipeline, resulting in red water. [19] [20] [21] [22] In China, at the end of September 2008, raw water from four reservoirs in Hebei Province arriving in Beijing via the South-to-North water transfer open channel was used to replace the original groundwater source. [23] [24] [25] The result also led to the emergence of red water in some areas. These were because of pipeline corrosion releasing iron to form ferric hydroxide in the drinking water.
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In a DWDS, the growth of microbes is inevitable. Previous researchers have investigated the corrosion of old tubing by microorganisms in various systems. The growth and reproduction of microorganisms cause corrosion and a deterioration in the water quality in the DWDS, caused by biological instability. 6 At present, the effluent from waterworks has been chlorinated and disinfected, but there is still a small amount of bacteria therein, and further, the bacteria that are not killed by chlorine tend to be more tenacious. 27, 28 Moreover, organic matter is present in the TDW, so that the bacteria in the water use these organic nutrients for regrowth and reproduction.
29,30
The self-repairing growth of bacteria that have not been killed aer chlorine disinfection and the entry of external bacteria into the pipeline are factors leading to bacterial growth, whereas the tube wall roughness, boundary layer effect, laminar ow zone, sedimentation of suspended matter and colloidal matter, corrosion, rust, scale formed by calcium and magnesium, etc. provide a base for bacterial reproduction. 31 However, few researchers have studied the microbial characteristics of new pipes in the DWDS.
In 1999, the American Water Works Association (AWWA) estimated that in the next 20 years, water companies would spend $325 billion to upgrade urban DWDSs in the USA alone.
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In 2002, the Water Supplies Department of Hong Kong embarked on a large-scale programme to replace 60% of the water mains throughout the territory in twenty years so as to minimise the inconvenience caused by main breaks. 32, 33 In recent years, large cities in mainland China have gradually begun to update their urban DWDSs to solve the various existing water supply problems and to further improve the water quality delivered at the customers' tap; however, aer new pipelines are rst used, the tubing inner wall and the bulk water needed a period of adaptation, and consumers complained of many problems such as coloured or odiferous tap water. Consequently, a study of the water quality changes, the characteristics of the tubing inner walls and the water microbial community characteristics at the beginning of a new pipeline is necessary and vital. Unfortunately, there is no literature report on this area. To improve drinking water quality, and solve the secondary pollution and red water problems facing Shenzhen, Guangdong Province, China, Shenzhen officially launched a high-quality drinking water project in 2013, whereby the old DWDSs of the residential area were replaced with new ones, with a plan to complete all tasks by 2020. At present, the main pipes used in the pipeline renovation process in the city include ductile cast iron (DCI) pipes, stainless steel (SS) pipes and high-density polyethylene (HDPE) pipes. This study mainly simulates the effects of three pipelines on drinking water in the laboratory, combined with eld water sample collection and analysis in Yantian District, Shenzhen (ESI 2 †). The study explored the adaptation period of different tubing materials and determined the water quality stabilisation time in different new tubing materials, with an aim to provide theoretical support for the implementation of water quality guarantee measures in the initial stage of an urban DWDS.
Materials and methods

Laboratory-scale reactor operation
The experiment used newly-purchased DCI (which were cement mortar lined), SS, and HDPE pipes of 150 mm diameter, that were machined into 150 mm long test pipe sections. Each pipe section was sealed with epoxy resin to prevent contact with water. Before testing, the pipe sections were cleaned with alcohol for removal of oil, and then the pipe sections were cleaned with TDW and rinsed slowly for 30 min, aer which the TDW was leak-tested and the pipe section stabilised for 12 h. Aer pre-treatment, each pipe section was xed in the annular reactor (AR), then the TDW was added, the bulk water was stirred using a polyethylene stirring blade, and the ow condition of the longitudinal water ow in the actual DWDS was simulated by lateral circulation ow to ensure a certain shearing force in the pipe sections. 8, 34, 35 The angular velocity of the AR was 250 rpm, which equated with a shearing velocity of about 0.2 m s À1 in the pipe.
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Thereby, the water quality changes generated aer long-term contact between the TDW and the pipe section inner wall were simulated in the shorter pipe sections. The AR test system is shown in Fig. S1 . † The inner wall material of each tubing sample was cut into several pieces, each measuring 10 mm Â 10 mm. The incisions were wrapped with epoxy resin and placed in the bottom of each AR test system. Two pieces were taken before operation and again on the 14 th and 25 th days aer operation, with variations on the inner wall of the different material pipes characterised by scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). At the end of the operation, the microbial communities of inuent and effluent water were analysed. There are two ways to select an HRT: the one is trying to simulate the actual hydraulic retention time; the other one due to the new pipeline materialisation reaction is slow, for the rapid identication problem, the simulation is carried out under the most unfavourable conditions. 8 Based on the hydraulic model, the HRT was calculated. The HRT under normal conditions was 8 to 12 h, and 27 h under the most extreme conditions. At the same time, the statistics on user complaints showed that the water quality problems were the most serious aer 20 d to 30 d of new pipeline operation; therefore, the study selected the hydraulic conditions with an HRT of 24 h and a running time of 25 d. Water was discharged completely from the AR systems every day and fresh TDW was then fed into the systems.
Test water and water quality analysis
The inuent of the ARs was fresh TDW from the waterworks in Shenzhen, China. The tap of the inuent was opened for 30 min before the inuent was sampled daily. The water quality was deemed stable. The main water quality parameters of the inuent, the "Standards for Drinking Water Quality" (GB5746-2006) (National Standard), and the "Water Quality Target Items and Limits of Drinking Water in Shenzhen" are shown in Table S1 . †
The quality parameters of the inuent and effluent were analysed on a daily basis. The monitored water quality parameters and test methods are summarised in Table S2 . †
Microbial sample preparation, DNA extraction and PCR amplication
On the 25th day aer the AR test systems were rst operated, the inuent and effluents from each AR were collected. The biological samples of the inuent and effluents were enriched by 0.22 mm lter membrane (Millipore), with the condition that the amount of water ltered should be no less than 5 L for assurance of the biomass. The enriched biomass was stored in sterilised 50 mL centrifuge tubes at À80 C for further processing.
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The DNA of the samples was extracted by the CTAB method, and then the purity and concentration of the DNA were detected by agarose gel electrophoresis. The appropriate amount of the sample was taken in a centrifuge tube, and the sample was diluted to 1 ng mL À1 with sterile water. Using diluted genomic DNA as a template, according to the selection of sequencing regions to ensure amplication efficiency and accuracy, the PCR was carried using Phusion® High-Fidelity PCR Master Mix with GC Buffer (New England Biolabs) and high-efficiency, highdelity enzymes that were specic primers with barcode. The PCR amplication used the V4 variable region amplication primers, with the sequences: barcode-515F (5 0 - The PCR product was detected by electrophoresis using a 2% agarose gel. The samples were mixed thoroughly according to the concentration of the PCR product, and the PCR product was detected by 2% agarose gel electrophoresis. The target strip was provided by Qiagen. The glue recovery kit was used to recover the product. The library was constructed using the TruSeq® DNA PCRFree Sample Preparation Kit. The constructed library was quantied by Qubit and Q-PCR. Aer the library was qualied, it was sequenced using HiSeq2500 PE250.
Results and discussion
Water quality analysis
Water quality variations of the inuent and effluents are shown in Fig 3.1.1 pH. Due to the different materials, there were signicant differences in the effluent pH of the three tubings. As shown in Fig. 1 (a) and S2(a), † the effluent pH values of the three tubings were always signicantly higher than those of the inuent, with that of the DCI pipe being the most signicant. As shown in Fig. 1(a) , when the pH of the inuent was between 7.5 and 8.0, the pH of the effluents increased during operation, with the pH of the DCI pipe effluent always higher than 8.0, up to a highest pH of 8.8, while the pH of the SS and HDPE tubes was always less than 8.5. In the later stages of operation, the pH of the SS effluent was maintained at about 8.0, and the pH of HDPE was different from that of the inuent. The laboratory simulation results are basically consistent with the actual water sample analysis results (ESI 2 †). Although the lining of the DCI can protect the iron from corrosion, the dissolution of alkaline substances in the lining cause the pH to rise.
28,41,42 Slaats et al. found that the corrosion of the inner walls of cementcontaining pipes involves the leaching of hydroxides, causing pH changes and resulting in scaling in the water mains and domestic installations. 43 Bonds et al. reported that cement linings prevent tuberculation by creating a high pH at the pipe wall; moreover leachates from the uncoated cement lining can cause an undesirable rise in the pH of the water, particularly under low ow conditions in small-diameter pipes. 44 Due to the long HRT of this test (24 h), the dissolution of the DCI pipe resulted in a signicant increase in pH. As shown in Fig. 1 (b) and S2(b), † during operation, the colour increase of the DCI pipe was signicant, always higher than that of the SS and HDPE pipes, such that the colour reached 10, and the colour of effluent in the SS and HDPE pipes also increased; however, the colour was maintained at within 4, and there was not much difference between the late effluent and the inuent. Previous studies have found that the colour of the DCI pipe can signicantly increase, mainly due to the dissolution of ferric ions contained in the iron-aluminum tetracalcium (4CaO$Al 2 O 3 $Fe 2 O 3 ) in the cement mortar lining. 41, 42 Li et al. reported that the elevated pH is accompanied by high alkalinity, whereby CO 3 2À in bulk water might react with the iron release to generate poorly settling substances, such as siderite (FeCO 3 ), resulting in a rise in turbidity and colour.
8
It can be seen from Fig. 1 (c) and S2(c) † that, during operation, the turbidity of the effluent from the three tubings increased signicantly. Among these, the HDPE pipe increased signicantly in the rst 10 days, and the effluent turbidity of the DCI pipe was unstable. Only the SS pipe remained at 0.35 NTU, and the turbidity of water from the latter three tubings was less than 0.3 NTU. During operation, the effluent turbidity of the three tubings were generally higher than the inuent. The main reason for the turbidity characteristics of this kind of change may be due to the water being renewed every day, whereby the residual chlorine quickly kills the surviving microorganisms, making it difficult for the microorganisms to produce more extracellular secretions that can increase turbidity in the environment, 45 and the lining of the DCI pipe provides a haven for a small number of microorganisms. Also, the turbidity in the DCI pipe is more signicant than that in the water from the SS and HDPE pipes. Simoes et al. reported that biolm growth in DWDS contributes to the accumulation of inorganic particles, whereby any inorganic particle passing nearby (e.g. corrosion products, clays, sand) may be incorporated in the biolms, in the distribution network, which are responsible for discoloured water and are a persistent cause of customer dissatisfaction. 3.1.3 Residual chlorine and total chlorine. In the waterworks, liquid chlorine is used as the main disinfectant to maintain the disinfection effect in the DWDSs. The consumption of residual chlorine in the DWDSs is mainly reected in two aspects: (1) it reacts with the reducing oxygen-consuming organic matter in the DWDS, 46-50 (2) it reacts with the corrosion scale or the biolm on the pipe wall, and the tubing itself. [51] [52] [53] [54] [55] The pipe material is one of the main factors inu-encing residual chlorine decay.
54,56-58 Different tubing materials have certain effects on the residual chlorine degradation of water quality. 28, 59 The laboratory simulation results are basically consistent with the changes of residual chlorine and total chlorine in the actual water sample analysis, but the values of residual chlorine and total chlorine in the actual sampling are signicantly higher than in the experimental simulation results (ESI 2 †). The reason for this may be due to the fact the experimental values were measured aer a long hydraulic stay, with the water from the actual community passing throughout the whole night, and where customer use promotes the ow of water in the morning, thus supplementing the residual chlorine and total chlorine value of the water.
As shown in Fig. 1(d) and S2(d), † the trends in the consumption of residual chlorine in the three tubing sample materials are similar. These results showed that the residual chlorine decay intensity of the tubing samples in descending order was DCI, HDPE, and SS. However, chlorine decay experiments carried out by Zhang et al. showed the chlorine decay trend as SS, DCI, and polyethylene (PE) pipe, mainly because all their samples were 3 years old. 54 The trend in total chlorine is shown in Fig. 1 (e) and S2(e). † The variation is similar to that of free residual chlorine. The total chlorine attenuation intensity of the tubings in descending order was: DCI, HDPE, and SS. This result is consistent with the conclusions of Zhong et al. with regard to the variation of residual chlorine. 60 The main reason for this is that the lining of the DCI has a large specic surface area, which provides a larger habitat for microorganisms. 41 On the other hand, the inner wall of the SS pipe is smooth, and the microorganisms nd it difficult to adhere to a large number of reproduction sites, while the HDPE pipe consumes a large amount of residual chlorine due to the inner wall being made of organic matter, 9 which is consistent with previous research results. 61, 62 3.1.4 Metal ions. This study monitored the levels of ferrous (Fe 2+ ), ferric (Fe 3+ ), and manganese (Mn), which can cause red water problems in the inuent and effluents within 25 days. The results showed that the content of the three metal ions in the inuent water was lower than the detection limit of the instrument. Similarly, the content of the three metal ions in the effluents within 25 days remained lower than the detection limit of the instrument (well below standard control limits). It can thus be seen that the tubing material contributes very little to the metal ions in bulk water in the early stages of the new pipeline operations. However, the variation of metal ions was detected in the actual water sample analysis (ESI 2 †). All three metal ions showed a trend of increasing in the early stage and decreasing in the later stage. 3.1.5 Zeta potential and conductivity. The zeta potential is an important indicator characterising the stability of colloidal systems. If the particles carry a lot of negative or positive charges, it means that the absolute value of the zeta potential is very high, and the particles will repel each other to achieve stability in the whole system; otherwise, they will attract each other, making the whole system unstable. 63 In general, the higher the zeta potential, the more stable the dispersion of the particles. Further, the boundary between the dispersion stability of the particles in the aqueous phase is generally considered to be +30 mV or À30 mV, at greater than +30 mV, or at less than À30 mV, the dispersion is relatively stable. The zeta potential and conductivity of the actual water sample here were higher than the experimental simulation results (ESI 2 †).
The zeta potentials were negative during the operation of the three tubing types in this research. Fig. 1(f) and S2(f) † show the zeta potential change. The zeta potential of the DCI pipe was gradually reduced from the initial À15.1 mV to À18 mV. The zeta potential of the SS pipe was relatively stable and was maintained at around À15 mV. The initial zeta potential of the HDPE pipe reached À19.1 mV, and this gradually increased and was maintained at À13 mV in the later stage. Previous studies have shown that under alkaline conditions, the zeta potential of the system is lower than that under acidic conditions, and the suspension system is more stable, which is consistent with the conclusions of this research. At the same time, studies have shown that the absolute value of the zeta potential and the content of the salt in the solution are related, so the dissolution of the lining of the DCI pipe is also one of the factors that cause a higher absolute value of the zeta potential.
64
The conductivity of drinking water refers to the ability of an aqueous solution to conduct electrical current, and is closely related to the mineral content of drinking water. The conductivity can be used to monitor changes in dissolved mineral concentrations in drinking water and to estimate the amount of ionic compounds in aqueous solutions. Most inorganic salts in water are in an ionic state and are good conductors of electricity. The conductivity of water is proportional to the concentration of electrolyte and is linearly related, whereby the lower the conductivity of water, the purer the water. Fig. 1(g) and S2 (g) † show the change in conductivity of the three tubing types. The DCI pipe had a higher conductivity than the SS and HDPE pipes, while the water in the SS and HDPE pipes showed little difference to the inuent conductivity.
3.1.6 TOC. TOC characterises the total organic carbon content in water and is a comprehensive indicator of organic pollution. During operation, a change in TOC can reect the dissolution of organic matter in the tubing. Fig. 1(h) and S2(h) † show the TOC changes in the bulk water with different running times in different tubing samples. The TOC trends in the three tubing types were consistent: the initial stage was relatively high, while in the later stage, it gradually reduced and tended to be stable. The TOC of the actual water sample was lower than the experimental simulation results, which may be due to the same reason as that for the actual residual chlorine and total chlorine (ESI 2 †).
According to the previous research, the reason for this is that the microbes rapidly multiply in the initial stage. [65] [66] [67] At the same time as the organic matter is consumed, the microorganisms that are killed and that have naturally died are released into the bulk water, so that the concentration of TOC increases. Aer the stabilisation period, the number of bacteria gradually decreases, and some organic material is consumed by the residual chlorine reaction, resulting in a decrease in the effluent TOC, but such that it remains higher than that in the inuent. Deb et al. found that the dissolution of humus-like organic matter (such as humic acid and fulvic acid) in the sand lining of the DCI pipe cement mortar is also one of the factors that increases the TOC.
41,42 Rożej et al. found that plastic pipes can release a variety of chemical compounds (monomers, low molecular weight polymer units and additives as well as degradation products). 68 The pollutants migrating from HDPE pipes have been identied in numerous studies as phenols, quinones, aromatic hydrocarbons, aldehydes, ketones, esters and terpenoids: some of these compounds may be used by bacteria as a carbon source for degradation. [69] [70] [71] In the early stage of HDPE pipe operation, the TOC is elevated and odours have been reported, such as those related to candles, plastics or citrus, which are related to the dissolution of organic substances (alkylphenols, esters, aldehydes and ketones) in the tubing. 45 Mao et al. found that total TOC and AOC were evaluated in both the chlorinated and non-chlorinated drinking water of four different plastic tubing materials. 3.1.7 Particle-size distribution. In the complaint data received by the customer service department, there were also many cases of particulate matter reported in the tap water. Some researchers have explored the sources of particulate matter and found that there are many sources of particulate matter, from inorganic or organic substances carried by water sources, to various agents added during the purication process, and soil and sand drawn into the supply at leakage sites when negative pressures occur in the DWDS: these all gradually form stable suspended particulate matter aer longterm accumulation. [72] [73] [74] At the same time, a correlation between the particulate matter and the red water problem was found in another comprehensive investigation.
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Fig . 2 shows the particle size distribution of the inuent and effluents within 25 days. The particle size range (abscissa) of the particulates can be obtained from the particle size frequency distribution map, while the frequency (ordinate) of the particle size of each particulate within the particle size range can be quantied by the content of each particle size fraction present in the water. From Fig. 2 , it was found that the soild content of the inuent was lower, and the content of small particle sizes was more signicant, with particles mainly concentrated in the 0 to 200 nm fraction, while the content of particles in the 400 to 600 nm fraction was relatively small. The large particle sizes in the effluent in the DCI and the SS pipes increased, mainly being concentrated in the 200 to 600 nm fraction, and their distribution at 400 nm was more concentrated. This is consistent with the particle-size distribution of the actual water sample (ESI 2 †). The particle size of solids in the HDPE pipe samples showed no obvious change compared to the inuent. Simoes et al. reported that biolm growth in DWDS contributes to the accumulation of inorganic particles. 31 Slaats et al. reported that when the pH increases, calcium carbonate can precipitate on the pipe walls, but also forms small particles in the water (seen as microcrystalline grains). 43 
Characteristics of the tubing inner walls
To understand the corrosion characteristics of the tubing inner wall during operation, two small pieces were taken from each AR before the research, specically on the 14 th and 25 th days of operation, and the tubing inner walls were scanned by SEM and EDS to analyse the micromorphology and elemental composition of the tubing inner walls. 3.2.1 Micromorphology. Representative SEM images of the tubing inner walls during the different running stages are shown in Fig. 3 , where it can be seen that the different tubing materials showed signicant differences during operation, and even various different microstructural features could be seen in the same tubing samples.
As shown in Fig. 3 , the microstructure of the DCI pipe inner wall was loose and porous in the form of ne sand before running ( Fig. 3(a) ); then, relatively dense small grains appeared on the 14 th day (Fig. 3(b) ), and these became more prominent on the 25 th day (Fig. 3(c) ). Bonds et al. reported that the cementmortar lining of DCI has cracks that can close and thereby the lining becomes tight aer a period of exposure to water, but also the cement will eventually undergo autogenous healing, a phenomenon long recognised by the concrete industry and which occurs due to the formation of calcium carbonate and the continuing hydration of cement grains in the lining.
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The SS pipe inner wall had a loose porous texture before running ( Fig. 3(d)) ; then, obvious corrosion scales on the inner wall structure could be seen on the 14 th day (Fig. 3(e) ), and later the corrosion tubercles became smaller, and the inner walls were denser on the 25 th day (Fig. 3(f) ). These SEM images of SS are similar with the previous report. 75, 76 However, the corrosion of the SS pipe may not be that easy, as Zhang et al. reported that some loose occus seen on the surface of their sample could represent the metabolites of bacteria.
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Before running (Fig. 3(g) ), and on the 14 th day (Fig. 3(h) ), the HDPE pipe inner walls were smooth, with obvious point-like small holes seen before running; the perforations therein increased, and the damage to the inner wall was clealrly intensied on the 14 th day, and then inner walls had become rough and compact by the 25 th day (Fig. 3(i) and (j)). Leban et al.
reported that the corrosion products were deposited especially around the perforation, with the shape of the perforations found on the pipe being of irregular shape with sharp angles.
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These SEM images of HDPE are similar with the fouled membranes deposits and bacterial cells in the reports of Ayache et al. 77 and Rożej et al. 68 , which imply that it is likely to be a change caused by biolm formation or particle attachment.
Elemental composition.
The atomic percentage of the material composition in different stages of the different tubings inner wall, as measured by EDS, are listed in Table 1 . Each tubing segment was measured multiple times at observed signicant changes, and representative data were selected here for comparison with the SEM images. The elemental composition of the tubing material on the inner walls were determined by the physico-chemical parameters of the tubing inner wall material and the bulk water. It can be seen from Table 1 that the inner wall elemental composition of the same material was similar at each stage, and here, the corroded or perforated parts were more signicant for this study than the intact parts, and it was found that in the different pipe sections, the composition of the inner wall material element differed signicantly.
In the composition of the DCI pipe inner wall, O and Ca were the main constituent elements, followed by Si, C, Fe, Mg and Al, which were related to the main components of the lining material (calcium hydroxide and calcium silicate hydrate). It can be seen from Table 1 that the Si content increases with the running time, and Bonds et al. reported that this is caused by the so dissolution of the cement mortar lining due to the prolonged soaking time. 44 Moreover, Slaats et al. reported that, when the pH and the calcium content increase, calcium carbonate can precipitate on the pipe walls. 43 In the SS pipe inner wall, the elemental composition was such that Fe and Cr were the main components of the SS pipe, and the amounts of Ni, O and Si were relatively small; with only a small amount of Mn detected in the corrosion site on the 14 th day, while O was increased following operation, and this was more signicant in the corroded area. HDPE pipe is an organic tubing material, and consequently, the content of C and O was higher, followed by Si, Ca, Cl, Fe and Al in descending order. Among the three tubing materials, the other components of different tubing materials were caused by the tubing itself. From 
Microbial diversity analysis
Microbiological inuenced corrosion (MIC) is a corrosive effect on a pipeline caused by biogenic activity in the pipeline in the presence of microorganisms and their interactions with the environment inside the pipe. Bacteria are one of the most important parameters related to the water quality of a DWDS. Bacteria attach to the tubing inner walls to form a biolm, which is closely related to the water quality changes in the DWDS. 45, 59, 78 3.3.1 Microbial diversity and abundance analysis. Uparse soware (Uparse v7.0.1001) was used to cluster the Effective Tags of all samples. By default, the sequence was clustered into Operational Taxonomic Units (OTUs) with 97% identity, and the representative sequence of OTUs was selected. According to the principle underpinning its algorithm, the sequence with the highest frequency in OTUs was selected as the representative sequence of OTUs. Specimen annotation of the OTUs representative sequences, species annotation analysis using the Mothur method and SILVA's SSU rRNA database (set threshold of 0.8 to 1), obtaining taxonomic information, and statistically calculating the community composition of each sample at each classication level (kingdom, phylum, class, order, family, genus, species) were undertaken. Fast multi-sequence alignment was performed using MUSCLE (Version 3.8.31) soware to obtain a systematic relationship between all the OTUs and the representative sequences. Finally, the data from each sample were homogenised with a standard based on the least amount of data in the sample. Subsequent alpha diversity and beta diversity analyses were based on the data aer homogenisation.
Qiime soware (Version 1.7.0) was used to calculate the Observed-species, Chao1, Shannon, Simpson, ACE, Goodscoverage and PD_whole_tree indices (Table 2) ; then Origin soware (Version Pro 9.0) was used to draw the rarefaction curve (Fig. S3 †) .
The rarefaction curve can be used to assess whether, or not, the amount of sequencing can cover all populations, while at the same time it indirectly reects the number of species in a sample. In Fig. S3 , † the rarefaction curves of the four samples tend to be shallow in slope, indicating that the amount of sequencing data is progressively more reasonable, and the sequencing depth is appropriate, and can thus be used for subsequent analysis. Meanwhile the abundance of species in the four samples was ranked as HDPE > inuent > DCI > SS.
Good-coverage characterises the coverage of each sample database, and the larger the sequencing depth index, the smaller the probability of not being detected in the sample sequence. Here, observed species characterises the number of OTUs in the sample. The Shannon index reects the index of microbial diversity in the sample, whereby the larger its value, the higher the diversity of the sample community. The Simpson index is used to estimate the microbial diversity, and the larger the Simpson value, the more uniform the sample, indicating that the community structure diversity is higher. Chao1 is commonly used in ecology to estimate the total number of species, with higher values indicating more biomass. ACE is a microbial richness index, which is used to estimate the number of OTUs in a community; further, it is proposed by Chao and is one of the indicators most commonly used when assessing the total number of species in an ecosystem, which is different from that produced when using the Chao1 algorithm. PD-whole-tree is an index that reects the comprehensive diversity of the lineage.
From the analysis of the data in Table 2 , the good-coverage value of sequencing was close to 1, indicating that the coverage of bacteria in the sample sequencing was very high, and the sequencing selection depth was appropriate, and thus met the analytical need for bacterial diversity in the sample. Shannon and Simpson are bacterial community diversity indices, and the diversity of bacterial communities was highest in the HDPE tubing, which is likely to be related to more organic matter having been released into the water by HDPE tubes. Chao1 and ACE are bacterial community abundance indices, whereby the higher their values, the higher the diversity or abundance. Here, the abundance of bacterial communities was ranked thus: inuent > HDPE > SS > DCI. Microbial community analysis by Zhang et al. also showed that a biolm from PE pipe had a much higher diversity than that from DCI and SS pipe. Table 1 Composition of material elements on the inner wall of the three types of pipes (at%) (2) "-" means not detected; corrosion -corrosion site, intact -intact site, perforation -perforation. Table 3 . According to the results of the species annotation, the top 10 species with the highest abundance of each sample at each classication level (phylum, class, order, family, genus and species) were selected to generate a column of the relative abundance of the species to assess each sample at different taxonomic levels, and to nd relatively highabundance species and the proportions thereof (Fig. S4 †) .
It can be seen from Table 3 that microorganisms can be classied into 41 phyla, 87 classes, 171 orders, 307 families and 544 genera in the all samples. At each level, the microbial diversity of the three tubing material samples was gradually lower than that of the inuent with the renement of the classication, while the effluent from the HDPE tube had a higher diversity than that of the DCI and SS tubes at different classication levels; this conclusion corresponds to that derived from analysis of the data in Table 2 and is consistent with previous research conclusions. 79, 80 As can be seen from the analysis of Fig. S4 , † overall, with the renement of the classication level, the proportion of microorganisms that can be explained by sequencing decreased. It can be found from Fig. S4(a) † that the highest abundance among the four samples at the phylum-level was Proteobacteria (average 72.82%), regardless of the pipe material, 40, 45, [81] [82] [83] [84] followed by Bacteroidetes (average 8.14%) and Cyanobacteria (average value 7.08%), Actinobacteria (average 3.61%) and Acidobacteria (average value 2.33%), while the remaining percentages were less than 1%, which is consistent with pervious research. [85] [86] [87] In addition, a certain amount of 16S rRNA sequences (average of 3.31%) in the four samples could not be assigned to any known bacterial species, but closely matched other unclassied sequences originating from drinking water, possibly indicating the existence of novel bacteria adapted to the DWDS. 45, 83, [88] [89] [90] During the research, the proportion of Proteobacteria in the effluent (72.82% to 86.87%) was signicantly higher than that of the inuent (48.45%), while Proteobacteria (86.87%) in the DCI samples was signi-cantly higher than that in the SS (74.28%) and HDPE (81.68%) samples. Compared with the inuent (23.33%), the ratios of Bacteroidetes (2.79% to 3.32%) of the three tubing material samples were signicantly reduced, indicating that the pipe material signicantly affected the different microbial abundances in the bulk water.
3.3.3 Microbiological analysis of pipeline corrosion. The inner surface of the water pipeline gradually forms a stable biolm under conditions of long-term water-ushing. The pipeline inner wall and the biolm become a whole, and the interaction makes the whole internal pH, organic matter concentration, inorganic concentration and dissolution of oxygen produce a signicant difference from the pipeline inner surface, in which no biolm exists. The metabolic activities of microorganisms cause different degrees of damage to the pipeline inner wall, which gradually deteriorates over time and causes the water quality of the pipeline to change.
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To analyse the effects of microorganisms in the biocorrosion process in the three tubing materials, based on the microbial dominant community structure in the effluent of the different tubings (Section 3.3.2), the analysis focused on the microorganisms in different pipes, including iron-oxidising bacteria (IOB), iron-reducing bacteria (IRB), sulphur-oxidising bacteria (SOB), sulphur-reducing bacteria (SRB), nitratereducing bacteria (NRB), nitrogen-xing bacteria (NFB) and acid-producing bacteria (APB). 36, 83, [91] [92] [93] The bacterial communities included in various corrosive microorganisms, 94 at the genus level, are listed in Table S3 . †
The relative abundance of the various corrosive-related bacteria in the inuent and different pipeline effluents are shown in Fig. 4 . Sphingomonas was dominant in both the inuent and effluent of the three tubing material samples (8.9209%, 6.1609%, 7.7781%, and 10.8632%, respectively), followed by Pseudomonas (0.6265%) and Massilia (0.5473%) in the inuent, Rhodobacter (1.2033%) and Massilia (0.7555%) in the DCI tube effluent, Aquabacterium (2.8047%) and Massilia (0.6892%) in the SS tube effluent and Acidovorax (4.9221%) and Aquabacterium (1.5092%) in the HDPE tube effluent. It could thus be seen that the different tubing materials affected the different corrosive bacterial communities. 28, 45, 82, 84, 87, 95, 96 In Fig. 5 , the bacterial community was counted according to the different functional types. It was found that NRB was always the most corrosive bacteria in the water from the inuent to the effluent. Compared with the pipeline microbial community found in previous research, the relative abundance of the microbial community in this study was relatively low, mainly due to the initial use of new pipelines, and as stable microbial community structures had not yet formed inside the pipeline. Previous researchs has found that Acidovorax (IOB), Aquabacterium (IOB), Sediminibacterium (IOB) and Desulfobacca (SRB) promote corrosion, while Thiobacillus (SOB), Geothrix (IRB), Pseudomonas (IRB) Bacillus (IRB), etc. suppress corrosion.
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Therefore, it can be found from the overall microbial community structure that the microbial community that inhibits corrosion in the pipeline gives the main benet, whereby the deterioration of the water quality of the pipeline is reduced and the corrosion of the inner wall of the pipeline is reduced.
Water quality maintenance and pipe material selection suggestion
The water quality change in the SS and the HDPE tubes was consistent, whereby the deterioration was signicant in the Based on the inuence of the three pipes on the water quality in this test, the SS and HDPE pipes were shown to clearly be more suitable as drinking water pipelines than DCI. Moreover, in the microbial community analysis, the microbial population of HDPE was signicantly more than that of SS, which may be the main reason for the preference of SS in the renewal of water supply pipeline in Shenzhen. Schwartz et al. reported reduced bacterial cell densities upon steel compared to plastics (HDPE and PVC), with signicant differences in the community composition between the metal and plastics. 79 Fish et al. reported that standards exist to maintain a high quality of these diverse materials and to minimise their biolm forming potential (BFP), while BFP variation exists between materials due to differences in their surface characteristics and the likelihood of leaching organics or releasing nutrients when exposed to biological activity, and this has caused much debate in the literature as to which material has the lowest BFP. 45 Accordingly, the relationship between the pipe material and water quality within DWDS is complex, and based on the results of this study, SS is an ideal drinking water pipeline.
Conclusion
Within 25 days, the water quality change in the DCI is the most signicant, and the color could reach up to 10 on the 8 th day, and was maintained at 4 in later stages: the turbidity, pH and TOC also increase at the same time, and the decay of residual chlorine and total chlorine was also notable. The conductivity was always maintained at above 0.15 mS cm À1 . The DCI inner wall changed from having a loose porous particle shape to a relatively dense, irregular three-dimensional shape, and the constituent elements were mainly O and Ca. The SS inner wall was a uniform structure in the early stage, but there were obvious spherical balls of uneven size seen in the later stage, and its elemental composition comprised mainly C and O. The HDPE inner wall was smooth and had small perforations in the early stage, and these perforations, in the middle and late stages, became enlarged, becoming rough and scale-like in the later stage. The proportion of Proteobacteria in the effluents (72.82% to 86.87%) was signicantly increased compared with that in the inuent (48.45%), while the Proteobacteria (86.87%) content in the DCI samples was signicantly higher than that in the SS (74.28%) and HDPE tubes (81.68%). Moreover, compared with the inuent (23.33%), the Bacteroidetes (2.79% to 3.32%) contents of the effluents were signicantly reduced, indicating that the pipe material affected different microbial abundances in the water.
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